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A SEMICONDUCTOR-PROCESSING DEVICE PROVIDED WITH A REMOTE 
PLASMA SOURCE FOR SELF-CLEANING 

Reference to Related Application 
5 The present application claims the priority benefit under 35 U.S.C. §1 19(e) to 

provisional application No. 60/176,592, filed January 18, 2000. 

Background of the Invention 

Field of the Invention 

This invention relates to a CVD (chemical vapor deposition) device equipped 

0 with a self-cleaning device. In particular, the invention relates to a device that cleans 

the inside of a deposition chamber using remotely generated active species. 
Description of the Related Art 

CVD devices have been conventionally used to form insulation films such as 
silicon oxide, silicon nitride, amorphous carbon or polymer containing benzene ring, 

5 conductor films such as tungsten silicide, titanium nitrite or aluminum alloy and high- 

dielectric films containing PZT (PbZr,.Ji,03) or BST (Ba^Sri.,Ti03) on silicon a 
substrate or glass substrate. 

To form these films, reaction gas with various compositions or a second reaction 
gas is supplied within a deposition chamber. These gases cause a chemical reaction by 

0 receiving plasma energy and a desired thin film is formed on a semiconductor substrate. 

Within a reaction chamber, films that are generated similarly by chemical reaction 
adhere to its inner wall and the surface of a wafer support. These adhesive substances 
are accumulated gradually as film formation is repeated. Then, disengaging from the 
inner wall and the surface of the support, these adhesive substances sometimes float 

5 within the reaction chamber. This causes impurity contamination that leads to defects in 

manufactured semiconductor circuits. 

To remove contaminants adhering to the inner wall of the reaction chamber, in 
situ cleaning that cleans the inside while the reaction chamber is in operation is 
effective. This method is to remove adhesive substances by bringing cleaning gas, 

0 which is selected according to the type of adhesive substances, into the reaction 

chamber to decompose the adhesive substances into gaseous materials. For example, if 


silicon oxide or silicon nitride, tungsten or its nitride or silicide adheres, CF4, C2F6, C3F8 
or NF3 is used as cleaning gas. In this case, active species (fluorine radical) of fluorine 
atoms or fluorine-containing active species decomposes the substances adhering to the 
inner wall of the reaction chamber and impurities can be removed in the gas phase. 
5 In the case of a plasma CVD device, because a plasma excitation device used for 

film formation is also used for activation of cleaning gas, large ion bombardment is 
caused between electrodes by high radio frequency (RF) power applied to the cleaning 
gas. As a result, the surface of electrodes is damaged; a surface layer comes off to cause 
impurity contamination. It becomes necessary to replace damaged parts frequently, 

10 which increases operation cost. 

To solve these shortcomings caused by ion bombardment, remote plasma 
cleaning was developed. In United States Patent No. 5,788,778, issued August, 4, 1998, 
and United States Patent No. 5,844,195, issued December 1, 1998, which are herein 
incorporated by reference, a method is disclosed in which NF3 is used as a cleaning gas 

1 5 and plasma excitation that activates NF3 is performed using microwaves in the second 

plasma discharge chamber, which is different and is separated from the reaction 
chamber. According to this method, flow-controlled NF3 is brought into the second 
plasma discharge chamber, it is dissociated and activated by 2.45GHz microwaves 
supplied to the plasma discharge chamber from a microwave oscillator through a 

20 waveguide, and fluorine active species are generated. At this time, to achieve 

microwave plasma discharge efficiently, a valve is provided between the second plasma 
reaction chamber and the reaction chamber to regulate pressure and the second plasma 
reaction chamber is maintained at a designated pressure. Generated fluorine active 
species are brought into the deposition chamber through a conduit, and it decomposes 

25 and removes adhesive substances on the inner wall of the reaction chamber. 

In United States Patent No. 5,788,799, issued August 4, 1998, which is herein 
incorporated by reference, it is disclosed that for the conduit that brings fluorine active 
species into the reaction chamber, aluminum is preferable to stainless steel and that 
Teflon materials such as polytetrafluoroethylene (PTFE) are the most preferable. 

30 In United States Patent No. 5,844,195, issued December 1, 1998, which is herein 

incorporated by reference, along with activation of cleaning gas in the second plasma 
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discharge chamber, it is disclosed that cleaning gas is supplementarily activated further 
using radio-frequency plus true electric discharge in the reaction chamber and that a 
filter is provided between the second plasma discharge chamber and the reaction 
chamber to remove undesirable particles. This technology is also reflected in the 
5 teachings of U.S. Patent No. 5,788,778. 

While the above-mentioned remote plasma cleaning methods alleviated the 
problems caused by ion bombardment, there remains a need for improvement in these 
methods. 

Summary of the Invention 
10 Among various embodiments of the present invention, an embodiment is to 

provide a remote plasma discharge chamber comprising materials that are resistant to 
damage, and at the same time, to provide reaction chamber cleaning without ion 
;l5 bombardment. 

'2! Another embodiment of this invention is to provide a CVD device in which 

15 plasma ignition at the remote plasma discharge chamber is easy and reliable. 

irl 

Yet another embodiment of this invention is to provide a CVD device that 
quickly exhausts residual gas within piping after supply of activation cleaning gas is 
stopped. 

M Further, another embodiment of this invention is to provide a plasma CVD 

20 device that supplies cleaning gas to the reaction chamber by maintaining the amount of 

fluorine species that is activated in the remote plasma discharge chamber. 

That is, a plasma CVD device according to this invention includes the following 
embodiments: 

The CVD device of the preferred embodiments comprises a reaction chamber, a 
25 remote plasma discharge chamber that is provided remotely from the reaction chamber, 

and piping that links the reaction chamber with the remote plasma discharge chamber. 
The remote plasma discharge chamber activates cleaning gas by plasma discharge 
energy. The activated cleaning gas is brought into the inside of the reaction chamber 
through the piping and changes solid substances, which adhere to the inside of the 
30 reaction chamber as a consequence of film formation, to gaseous substances, thereby 
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cleaning the^^de of the reaction chamber. The device is characterized by at least one 
of the following: 

(a) the remote plasma discharge chamber generates active species using radio- 
frequency oscillating output energy of a preselected frequency; 
5 (b) the piping is made of materials that are not corroded by the active species; or 

(c) the piping is provided with a through-flow type valve. 
According to one embodiment, the device further comprises a support provided 
within the reaction chamber, which supports an object to be or being processed, and a 
gas-emitting plate provided at a position facing the support within the reaction chamber. 
10 The plate uniformly supplies reaction gas to the object being processed to form a film 

onto the object being processed, wherein the activated cleaning gas is supplied through 
piping into the reaction chamber from holes provided through the gas-emitting plate. 

With regard to (a) above, in an embodiment, the preselected frequency is 
300kHz-500kHz and the active species is a fluorine activated species. With regard to 
P 15 (b) above, in an embodiment, the inside surface of the piping is made of fluorine- 

passivated stainless steel, aluminum or aluminum alloy. With regard to (c) above, in an 

- i 

'^"^ embodiment, the size of the opening of the valve, when frilly opened, is substantially 

3 equal to the inner diameter of the piping, and the valve does not have projections, when 

^ fully opened, with respect to the inner surface of the piping. Namely, the valve has an 

il 20 opening, when fully opened, such that the pressure drop across the valve is preferably 

SWT 

less than about 0.25 Torr (or less than about 5% of the inlet pressure), more preferably 
|Y less than about 0.1 Torr (or less than about 1% of the ^lct prccoitfe , and most preferably 
substantially no pressure loss is caused. In the above, the piping is preferably straight in 
the vicinity of the valve. Most preferably, all three of these features are combined to 

25 produce an efficient, self-cleaning CVD reactor. 

As a result of (a), the following advantages can be realized: use of radio- 
frequency (e.g., 400kHz) oscillating output allows manufacturing the remote plasma 
discharge chamber from anodized aluminum alloy, for example. Thus, it is unnecessary 
to use sapphire or quartz, which are required when conventional microwave output is 

30 used. Risk of damage during processing and problems of fluorine active species 

consumption are thereby reduced. In addition, damage to electrodes by ion 
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bombardment at the time of cleaning and deterioration of electrode surfaces can 
successfully be prevented. Moreover, complex tuning circuits are unnecessary and 
miniaturization of the remote plasma discharge chamber and lower cost can be realized. 
Furthermore, a phenomenon wherein powdered aluminum fluoride adsorbs onto the 
5 electrode surface is reduced or eliminated and device downtime due to device 

maintenance can be considerably shortened. As a result, productivity is improved. 

As a result of (b), the following advantages can be realized: use of materials 
inert to fluorine active species for internal surfaces of the piping and the valve, instead 
of resin materials such as PFA, adsorption of fluorine active species or fluoride gas onto 
10 the internal surface of the piping or the valve can be eliminated. Thus, the occurrence 

of fluorine active species or fluoride gas being released from the internal surface of the 
piping and the valve after cleaning is completed and remaining within the remote 
;Q plasma discharge chamber is reduced or eliminated. Accordingly, the occurrence of 

,1^ plasma ignition failure can be controlled. Moreover, when supply of fluorine- 

=P 15 containing gas is stopped, fluorine active species is promptly discharged from the piping 

m and the remote plasma discharge chamber. Reduction of fluorine adsorption also 

increases the amount of fluorine active species brought into the reaction chamber, 
1=^' thereby maintaining the activity of active species and improving cleaning efficiency. 

M As a result of (c), the following advantages can be realized: use of rectilinear 

Q 20 piping with a large internal diameter and a valve that does not restrict flow between the 

remote plasma discharge chamber and the reaction chamber, deactivation 
(recombination) of fluorine active species is reduced, due to reduced collisions with the 
piping surface and structure within the valve. Accordingly, applying radio frequency 
power of less than 3,000 W to the remote plasma discharge chamber, high-speed 
25 cleaning at over 2 micron/min becomes possible. Furthermore, reduced collisions also 

minimizes thermal energy generated when fluorine active species is deactivated, thus 
reducing overheating of the piping and the valve. Heat damage to 0-rings and other 
components, and consequent generation of particles is also reduced or eliminated. The 
frequency with which damaged parts are replaced thus decreases, and operating costs of 
30 the device can be decreased while at the same time increasing productivity of the 

device. 
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The skilTed artisan will readily appreciate in view of the present disclosure that, 
while each of features (a), (b), and (c) are advantageous in and of themselves, 
combining two or all of (a), (b) and (c) will synergistically enhance the advantageous 
effects. 

Brief Description of the Drawings 
These and other aspects of the invention will be readily apparent from the 
detailed description below and the appended drawings, which are meant to illustrate and 
not to limit the invention, in which like reference numerals are used to indicated like 
parts, and in which: 

Figure 1 is a schematic diagram showing a cross-sectional view of a substrate- 
processing device, constructed in accordance with a first embodiment of the present 
invention. 

Figure 2 is a schematic diagram showing a cross-sectional view of a substrate- 
processing device, constructed in accordance with a second embodiment of the 
invention. 

Figure 3 is a schematic diagram showing a cross-sectional view of a substrate- 
processing device, constructed in accordance with a third embodiment of the invention. 

Figures 4(a) and 4(b) are schematic diagrams, each showing a cross-sectional 
view of a valve employed by the preferred embodiments; Figure 4(a) shows a closed 
state of the valve, and Figure 4(b) shows an open state of the valve. 

Figure 5 is a schematic diagram showing a cross-sectional view of a substrate- 
processing device according to a fourth embodiment of the present invention. 

Detailed Description of the Preferred Embodiments 
Problems of Conventional Remote Plasma Source Technology 

The conventional remote plasma source technology discussed earlier entails the 
following problems: 

First, to use microwave plasma, it is necessary to manufacture the second plasma 
discharge chamber using microwave-transparent materials, such as sapphire and quartz. 
Such materials tend to break easily, particularly under thermal stresses of plasma 
generation, and it is difficult to connect them with metal conduits or piping. Also, it is 
necessary to replace quartz regularly because it is easily etched by fluorine active 


species. Although sapphire is resistant to etching by fluorine active species, sapphire is 
expensive, and hence it increases the cost of a device. 

Further, in connection with the material used for the piping connecting the 
reaction chamber and the remote plasma discharge chamber, the following problems are 
caused: 

The internal surface of the piping that brings fluorine species into the reaction 
chamber is typically made of Teflon™ or similar materials. Teflon™, however easily 
adsorbs or absorbs the products of dissociating fluoride and NF3 gases. Dissociated or 
recombined plasma products from NF3 gas, which is absorbed on the internal surface of 
the piping, is released from the internal surface of the piping after supply of cleaning 
gas is stopped. It remains within the piping and its residual gas diffuses to reaction 
chamber. When the reaction chamber comprises a second plasma discharge chamber, 
the released gases can cause ignition failure of plasma discharge. Moreover, chemical 
reaction can occur if reaction gas for film formation flows into an area where residual 
gas remains, and undesired films, particles or powder are generated within the piping. 
These products accumulate within the piping, later flow into the reaction chamber, and 
cause impurity contamination on the semiconductor substrate surface. To prevent this 
from happening, it is possible to remove residual gas by purging the inside of the piping 
using helium or argon gas for many hours. However, this process remarkably lowers 
the productivity of the semiconductor-processing device. 

Furthermore, if the internal surface of the piping that brings fluorine active 
species into the reaction chamber is made of stainless steel, aluminum, or aluminum 
alloy, fluoride is formed due to reaction between the surface within the piping and 
fluorine active species, and the amount of fluorine active species brought into the 
reaction chamber is decreased. As a result, the cleaning time of the reaction chamber 
increases and the productivity of the device drops. 

In connection with the structure or function of the piping connecting the reaction 
chamber and the remote plasma discharge chamber, the following problems are caused: 

To realize a faster cleaning rate, high power microwave energy can be used to 
generate the plasma. However, such energetic plasma causes the remote plasma 
chamber to deteriorate, and particles which pollute the downstream reaction chamber 


are generated. Providing a filter between the deposition chamber and the reaction 
chamber to prevent these undesirable particles from flowing into the reaction chamber 
lowers the cleaning rate due to deactivation or recombination of fluorine active species, 
which is mentioned later. Thus the primary object of hastening the cleaning rate is 
negated. 

Further, within the remote plasma discharge chamber, to dissociate NF3 with 
high efficiency to generate fluorine active species, a pressure of about 4-20 Torr 
pressure is required within the remote plasma discharge chamber. To achieve this 
pressure, a valve to regulate pressure is provided between the remote plasma chamber 
and the downstream reaction chamber. Pressure within the remote plasma chamber can 
be increased by keeping the valve only partially open, leaving some obstruction within 
the flow path. However, restricting the flow using a valve to raise pressure creates 
different inconveniences, such as deactivation of fluorine active species and plasma 
burning. Fluorine active species generated within the remote plasma discharge chamber 
is deactivated by contact with the metal surface. While being brought into the reaction 
chamber where film formation is performed through a conduit, generated fluorine active 
species returns to molecules by colliding with the valve that restricts the flow by 
narrowing a passage, or it is deactivated by reacting with the valve surface. As a result, 
the amount of fluorine active species declines. Similarly, if piping from the second 
plasma discharge chamber to the reaction chamber is too long or bends at an acute 
angle, due to higher contact probability with the piping surface en route or by colliding 
with the comer portion of the bent piping, the amount of fluorine active species 
decreases. Decreased fluorine active species lowers the cleaning rate within the 
downstream deposition chamber and results in insufficient cleaning. 

Fluorine active species generated in the remote plasma discharge chamber 
radiates a great volume of heat energy when losing activation by contact with the metal 
surface. Because of this heat energy, the temperature of the contact surface rises. For 
piping connecting the second plasma discharge chamber to the reaction chamber and 
valves mounted on the piping, 0-rings made of fluorine-containing rubber and other 
materials are typically used to seal the inside from the external environment. The 
above-mentioned overheating caused by contact with fluorine active species destroys O- 


i^^ly, within the above-mentioned valv^^ 


rings. Particularly, within the above-mentioned valvefor pressure regulation, there is a 
risk that 0-rings are broken off. If the 0-rings are damaged, piping airtightness cannot 
be maintained. As a result, impurity contamination occurs due to outside air penetration 
into the reaction chamber, or leakage of gases harmful to humans, such as fluorine 
5 active species, takes place. Deteriorated 0-ring material flows within the piping to 

cause internal contamination to a semiconductor-processing device including the 
reaction chamber. Also, if fluorine-containing rubber (e.g., VITON® or Karlez®) that 
is used for a movable part within the piping such as a shaft seal for the valves is 
overheated, it deteriorates, loses its elasticity and hinders mobiUty of the parts. 
10 It is necessary to replace damaged parts frequently and this increases the 

operation cost. Needless to say, parts replacement reduces the operation hours of the 
device and lowers productivity. 
=iS On the other hand, if a valve with a stoppage fimction is not provided between 

^ 3 

Iji the remote plasma discharge chamber and the downstream reaction chamber, reaction 

15 gas used when forming a film onto substrate within the reaction chamber can flow 

backward or diffuse from the deposition chamber to the remote plasma discharge 
chamber. The reaction gas can form solid substances on the remote plasma discharge 
chamber surfaces in a powdered state due to imperfect reaction. If these solid 
substances then in a powder state flow into the reaction chamber when forming a film, 
20 particles can contaminate the substrate. Moreover, reaction gas adsorbed on the internal 
surface of the remote plasma discharge chamber raises the ignition electric potential 
required for plasma discharge in the remote plasma discharge chamber. If the ignition 
electric potential value becomes higher than the design value for the remote plasma 
discharge chamber, it is possible that plasma discharge cannot be executed. To prevent 
25 backward flow and diffusion of reaction gas, the remote plasma discharge chamber is 

desirably scalable fi-om the reaction chamber. However, this would obviously cause 
reduction of fluorine active species that can reach the reaction chamber and a 
satisfactory cleaning rate and performance can not be achieved. 
Basic Structures of CVD Devices of the Preferred Embodiments 
30 A CVD device according to this invention includes the following embodiments 

and can resolve the above problems: 
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The CVD device comprises a reaction chamber, a plasma discharge chamber 
that is provided remotely from the reaction chamber {i.e., a remote plasma source), and 
piping that links the reaction chamber and the remote plasma discharge chamber. The 
remote plasma discharge chamber activates cleaning gas by plasma discharge energy. 
The activated cleaning gas is brought into the inside of the reaction chamber through the 
piping and etches solid substances that adhere to the inside of the reaction chamber as a 
consequence of film formation, thereby cleaning the inside of the reaction chamber. 
The device is characterized by at least one of the following: 

(a) The remote plasma discharge chamber generates active species using radio- 
frequency oscillating output energy of a preselected frequency; 

(b) the piping is made of materials that are not corroded by the active species; or 

(c) the piping is provided with a through-flow type valve. 

In several of the embodiments, the device further comprises a support provided 
within the reaction chamber, which supports an object to be or being processed, and a 
gas-emitting plate provided at a position facing the support within the reaction chamber 
in order to uniformly supply reaction gas to the object being processed to form a film 
onto the object being processed, wherein the activated cleaning gas is supplied through 
piping into the reaction chamber from holes provided on the gas-emitting plate. 

In another embodiment, the device is configured for single-pass, horizontal, 
laminar gas flow through a cold-wall reactor. The device fiirther comprises a susceptor 
provided within the reaction chamber, which supports an object to be processed and 
which adsorbs radiant heat provided through transparent chamber walls. The activated 
cleaning gas is supplied through an inlet in the chamber walls upstream of the susceptor. 

Although each of (a), (b), and (c) can be adopted independently of each other, a 
combination of (a) and (b), for example, can include any of the following features: 

The preselected frequency is about 300kHz -500kHz. 

The active species is fluorine activated species. 

The inside surface of the piping is made of fluorine-passivated stainless steel, 
aluminum, or aluminum alloy. 

The CVD device includes a gas conduit to bring reaction gas into the reaction 
chamber separately from the cleaning gas. 
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The CVD device is configured for plasma CVD with structures for in situ 
plasma generation. 

One end of the gas conduit is linked with the reaction chamber. 
One end of the gas conduit is linked with the piping. 

The CVD device includes a valve at a predetermined position of the piping 
between the remote plasma discharge chamber and the reaction chamber. 

The inside of the valve is made of fluorine-passivated aluminum. 

One end of the gas conduit is linked to the piping at a predetermined position 
between the valve and the reaction chamber. 

For example, a combination of (a) and (c) can include any of the following 
features: 

The preselected frequency is 300kHz'-^500kHz. 

The active species is fluorine activated species. 

The piping and valve are heated at a predetermined temperature. 

A gas conduit to bring reaction gas into said reaction chamber is included. 

One end of the gas conduit is linked to the reaction chamber. 

One of the gas conduit is linked to the piping. 

A combination of (a), (b), and (c) can be used to enhance the advantageous 
effects. The advantages of such features are described above. 
EMBODIMENT 1 
Main Structures 

A first embodiment will be explained with reference to Figure 1 . 

Figure 1 is a schematic cross section of an exemplary a plasma CVD device 
according to this embodiment. A plasma CVD device 1, which is used to form a thin 
film on a semiconductor wafer 9 or other substrate, comprises a reaction chamber 2, a 
support 3 provided within the reaction chamber to support the semiconductor wafer 9, a 
showerhead 4 that is positioned to face the support 3 and is used to jet out reaction gas 
uniformly onto the semiconductor wafer 9, an outlet 20 to exhaust reaction gases and 
byproducts from the reaction chamber 2, and a remote plasma discharge chamber 13. 
The remote plasma discharge chamber 13 is positioned remotely from reaction chamber 
2 and is linked to the showerhead 4 via piping 14 and valve 15. The remote plasma 


discharge chamber 13 has characteristics wherein it generates active species using radio- 
frequency oscillating output energy of the designated frequency and the piping 14 . is 
made of materials that are not corroded by the active species. 

On one side of the reaction chamber 2, an opening 19 is formed and the reaction 
IK ^ 

^ chamber is connected to a transfer chamber (not shown) to bring a semiconductor wafer 
or other substrate in and carry it out via a gate valve 18. 

The support 3 that is provided within the reaction chamber 2 and is used to place 
the semiconductor wafer 9 is made of anodized aluminum or aluminum alloy and is 
grounded 27 to constitute one side of an electrode of plasma discharge. The reaction 
chamber 2 of the illustrated embodiment is thus a plasma CVD chamber configured for 
in situ (in chamber) plasma generation. Within the illustrated support 3, a ring-shape 
heating element 26 is embedded and the semiconductor wafer's temperature is 
controlled at a predetermined temperature using a temperature controller (not shown). 
The support 3 is connected to a driving mechanism 25 that moves the support 3 up and 
down through a support piston 29. 

Within the reaction chamber 2, the showerhead 4 is provided at a position facing 
the support 3. In the showerhead 4, thousands of fine holes are provided to inject 
reaction gas onto the semiconductor wafer 9. The showerhead 4 is electrically 
connected to a radio-frequency oscillator 8 via matching circuit 10 and constitutes 
another electrode of plasma discharge. To bring reaction gas to be used for film 
formation from the showerhead 4, a reaction gas conduit 1 1 is connected to the piping 
14. The number of the gas conduit 11 is not limited to one. According to the type of 
reaction gas, the necessary number of gas conduits can be installed. One end of the gas 
conduit 1 1 constitutes a gas inlet port 5 to cause reaction gas to flow in and the other 
end constitutes a reaction gas exit port 7 to cause gas to flow out to the showerhead 4. 
In the middle of the reaction gas conduit 1 1 , a mass flow controller (not shown) and 
valve 6 are positioned. 

On the side wall of the reaction chamber 2, an outlet 20 is provided. The outlet 
20 is connected to a vacuum exhaust pump (not shown) through piping 17. Between the 
outlet 20 and the vacuum pump, a conductance-controlling valve 21 is provided to 
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regulate pressure within the reaction chamber 2. The conductance-controlHng valve 21 
is electrically connected to an external regulator 28. 

Additionally, a pressure gauge 28a is preferably provided to measure pressure 
within the reaction chamber 2. This pressure gauge 28a is electrically connected to the 
5 regulator 28. 

Remote Plasma Discharge Chamber 

The remote plasma discharge chamber 13 according to this embodiment is 
remotely provided from the reaction chamber 2. The remote plasma discharge chamber 
13 is made of anodized aluminum alloy. The remote plasma discharge chamber 13 is 
10 linked to the showerhead 4 within the reaction chamber through piping 14. In the 

middle of the piping 14, a valve 15 is provided. The internal surface of this piping 14 is 
preferably made of fluorine-passivated stainless steel, but aluminum or fluorine- 
passivated aluminum alloy can be also used. Also similarly, the intemal surface of the 
valve 15 is made of fluorine-passivated aluminum alloy. One end of the piping 14 
15 constitutes a cleaning gas inlet port 12 to cause cleaning gas to flow in and the other end 

constitutes a cleaning gas exit port 16 to bring cleaning gas into the showerhead 4. 

For cleaning gas flowing in from the cleaning gas inlet port 12, fluorine- 
□ containing gases such as nitrogen fluoride, carbon fluoride and chlorine fluoride, mixed 

gas of nitrogen or carbon fluoride or mixed gases of the foregoing gases with oxygen, 
20 Jj^ nitrogen or inert gas can be used. Specifically, mixed gases of NF3, ^ IF ^ CF4, CjF^, 
C3F8 with oxygen, mixed gas of NF3 with nitrogen, mixed gas of NF3 with dilute gas can 
be used. For dilute gas, helium, argon, neon, xenon, or krypton can be used. 

An observation window 23 is preferably also provided on the side wall of the 
reaction chamber 2 and a charged coupled device (CCD) detector 22 is mounted on the 
25 observation window. Furthermore, a monitor 24 is installed on the CCD detector 22. 

The observation window 23 is preferably made of sapphire, but aluminum oxide can 
also be used. Also, in addition to the CCD detector, a photomultiplier tube or a 
photoelectric converter can also be used. 
Plasma CVD Operation 
30 Operation of the plasma CVD device according to this embodiment is explained. 

Operation is roughly divided into two sequences: (1) a thin film formation sequence, 
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forming a film on the semiconductor wafer 9, and (2) a cleaning sequence, cleaning 
surfaces on the inside of the reaction chamber. The thin film formation sequence is 
illustrated as forming silicon oxide on the semiconductor wafer 9 as an example. 

First, the inside of the reaction chamber 2 is evacuated and exhausted by an 
5 external vacuum pump (not shown) through the outlet 20. Pressure within the reaction 

chamber can be regulated in a range firom 1 Torr to 8 Torr by the degree of opening of 
the conductance-controUing valve 21. 

Next, the support 3 heated by the heating element 26 controls the semiconductor 
wafer 9 at a designated temperature, preferably 300°C-420°C (572°F-788°F), using the 
10 temperature controller (not shown). 

Subsequently, reaction gases, SiH4, NH3 and N2, the flow of which is controlled 
by the mass flow controller (not shown), flow in fi"om a reaction gas inlet port 5 and are 
brought into the showerhead 4 through the gas exit ports 7 after passing the valve 6. In 
the embodiment of Figure 2, described in more detail below, reaction gases SiH4 and 
:p 15 NH3 flow in fi-om the reaction gas inlet port 5 and only flows in fi-om a cleaning gas 

inlet port 12. In this case, an influx of SiH4 and NH3 gases into the remote plasma 
discharge chamber 13 is prevented by gas that flows in firom the inlet port 12, even 
3 though the valve 15 is not provided. Mixed reaction gases are injected uniformly firom 

,^ the fine holes formed at the lower side of the showerhead 4 onto the semiconductor 

^ 20 wafer 9. 

Radio-frequency power of 13.56 MHz or mixed power of 13.56 MHz and 430 
kHz is applied to the showerhead 4 by the radio-frequency oscillator 8. As a result, a 
plasma reaction domain is formed in the space between the showerhead 4, which is 
serves as one electrode for in situ plasma generation within the reaction chamber 2, and 
25 the support 3, which serves as the other electrode. Molecules of the reaction gas within 

that domain are activated and ionized by plasma energy. Ionized molecules cause 
chemical reaction on semiconductor substrate 9 and silicon nitride is formed. 

Upon termination of thin film formation processing, the valve 6 is closed and at 
the same time the gate valve 18 is opened. The processed semiconductor wafer 9 is 
30 carried out to an adjoining transfer chamber (not shown) by an automatic transfer robot 

(not shown) through the opening 19. After the reaction chamber 2 is evacuated and 
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exhausted, an unprocessed semiconductor wafer is earned in from the transfer chamber, 
the gate valve 18 is closed, and the above sequence is repeated. 

While the thin film formation sequence is continuously preformed, undesirable 
products adhere to the inner wall of the reaction chamber 2 and the surface and sides of 
the support. The undesirable products gradually accumulate, slough and float within the 
reaction chamber to cause particle contamination. Consequently, it is necessary to clean 
the inside of the reaction chamber 2 regularly (for example, after each thin film 
formation processing between wafer unloading and loading the next wafer). In the 
following, the cleaning sequence to remove silicon nitride adhering to the inner wall of 
the reaction chamber 2 is explained. 
Cleaning Operation 

Mixed gas of NF3 and argon, which is used as cleaning gas, is provided at a 
designated flow rate into the cleaning gas inlet port 12 and is brought into the remote 
plasma discharge chamber 13. Preferred flow rates for the fluorine-containing gas are 
between about 0.5 slm and 1.5 slm; preferred flow rates for the carrier gas are about 0.5 
slm and 4 slm. Desirably, the inert carrier gas is about 2 to 3 times the flow of the 
fluorine-containing gas. Within the remote plasma discharge chamber 13, radio- 
frequency output from 300 kHz to 500 kHz is applied to the flowing cleaning gas with 
power from 1,000 W to 5,000 W. With this energy, cleaning gas is dissociated and 
activated at a given efficiency and fluorine active species is generated. 

Generated fluorine active species is brought into the showerhead 4 through the 
piping 14 and the valve 15, the inside of which has been fluorine-passivated. Fluorine 
active species that is injected into the reaction chamber 2 from the showerhead 4 causes 
chemical reaction with soHd silicon nitride adhering to the inner wall and other surfaces 
of the reaction chamber 2 and changes the solid adhesive substance to a gaseous 
substance. As a result, the number of gas molecules within the reaction chamber 
increases, but pressure within the reaction chamber is always maintained at a specific 
value by a controller 28 that controls the opening size or angle of the conductance- 
controlling valve 21 in real-time in response to pressure within the reaction chamber 
measured by the pressure gauge 28a. 
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i^Mvhen fluorine active species flows i^^ttii 


Initially when fluorine active species flows into the reaction chamber 2, fluorine 
active species and solid silicon nitride react violently and emit light. This emission of 
light is detected by the CCD detector through the observation window 23 and can be 
confirmed by the monitor 24. As time elapses, reaction between fluorine active species 
and solid silicon nitride subsides and it becomes impossible to confirm emission of 
light. Moreover, the opening angle of the conductance-controlling valve 21 approaches 
a certain value. When this opening angle nearly matches an opening angle of a value 
(saved in a memory) predetermined for a state where no adhesive substances exist, the 
controller 28 senses completion of cleaning and stops supplying NF3 and at the same 
time continues to supply only argon gas. Argon gas completely purges fluorine active 
species that remains within the remote plasma ©leetJ^^l^t^^^Vhamber, Within the 
reaction chamber and within the piping 14, concluding the cleaning sequence. 
EMBODIMENT 2 
Structures 

Figure 2 shows another example according to this embodiment. Unlike the 
plasma CVD device 1 of Figure 1, a plasma CVD device 30 of Figure 2 includes a link 
between one end of the reaction conduit 11 and piping 14 at a junction 31 positioned 
between the remote plasma discharge chamber 13 and a gas exit port 32. Reaction gas 
and cleaning gas are mixed at the junction 31 and are brought into a showerhead 4 from 
one gas inlet port 32. The device 30 can be otherwise similar to the device 1 of Figure 
1. 

In the illustrated example, the valve 15 is set up at the plasma discharge chamber 
side before the junction 31. For the internal surface of the piping 14 and the valves 6, 
15, preferably fluorine-passivated aluminum, aluminum alloy, stainless steel or nickel 
material is used, but aluminum or aluminum alloy can also be used. For sealing 
materials of the valves 6, 15, preferably fluorocarbon polymers such as PTFE 
(polytetrafluoroethylene), PFA (tetrafluoroethylene*perfluoroalkylvinyl ether 
copolymer) or PCTFE (polychlorotrifluoroethylene) or perfluoroelastomer is used, but 
resin or fluorine-containing rubber (e.g., VITONtS) or Kalrez®) that has heat-resistance 
and corrosion resistance can also be used. 
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As a variation of the implementation example shown in Figure 2, the valve 15 
can be removed. In this case, one end of the reaction gas conduit 1 1 is connected to the 
piping 14 at a designated position between the remote plasma discharge chamber 13 and 
the gas exit port 32 and constitutes a junction. 

Plasma CVD operation and cleaning operation can be conducted as described for 
Embodiment 1. 
EMBODIMENT 3 
Main Structures 

Figure 3 is a schematic diagram showing a cross sectional view of a preferable 
implementation example of a plasma CVD device according to this embodiment. A 
plasma CVD device 1 , which is used to form a thin film on a semiconductor wafer 9 or 
other substrate, comprises a reaction chamber 2, a support 3 provided within the 
reaction chamber 2 to place the semiconductor wafer 9, a showerhead 4 that positioned 
facing the support 3 and is used to inject reaction gas uniformly onto the semiconductor 
wafer 9, an outlet 20 to exhaust the inside of reaction chamber 2. The remote plasma 
discharge chamber 13 is positioned remotely from reaction chamber 2 and is linked to 
the showerhead 4 via piping 14 and valve 15. The remote plasma discharge chamber 13 
has characteristics wherein it generates active species using radio-frequency oscillating 
output energy of the designated frequency. 

On one side of the reaction chamber 2, an opening 19 is formed and the reaction 
chamber 2 is connected to a transfer chamber (not shown) to bring a semiconductor 
wafer or other substrate in and carry it out via a gate valve 18. 

The support 3 that is provided within the reaction chamber 2 and is used to place 
the semiconductor wafer 9 is made of anodized aluminum or aluminum alloy and is 
grounded 27 to constitute one electrode for in situ plasma discharge. The reaction 
chamber 2 of the illustrated embodiment is thus a plasma CVD chamber configured for 
in situ (in chamber) plasma generation. Within the support 3, a ring-shape heating 
element 26 is embedded and the semiconductor wafer's temperature is controlled at a 
designated temperature using a temperature controller (not shown). The support 3 is 
connected to a driving mechanism 25 that moves the support 3 up and down through a 
support piston 29. 
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The support 3 that supports the semiconductor wafer 9 is not necessarily limited 
to being made of anodized aluminum or aluminum alloy; instead a ceramic heater can 
be used. The ceramic heater has a ceramic plate, and a resistance heating element 
embedded and a metal element forms one electrode for in situ plasma discharge. The 
metal element is grounded to the electrode of plasma discharge if possible. A ceramic 
plate has excellent corrosion resistance to aluminum nitride, magnesium oxide, 
aluminum oxide, etc. and is made of material that has sufficient thermal conductivity to 
serve as a heater. For the resistance-heating element, tungsten is used. For the metal 
element constituting an electrode for in situ plasma discharge, tungsten or molybdenum 
can be used. 

Within the reaction chamber 2, the showerhead 4 is provided at the position 
facing the support 3. In the showerhead 4, thousands of fine holes are provided to inject 
reaction gas onto the semiconductor 9. The showerhead 4 is electrically connected to a 
radio-frequency oscillator 8 via matching circuit 10 and makes up another electrode for 
the in situ plasma discharge. To bring reaction gas to be used for film formation from 
the showerhead 4, a reaction gas conduit 11 is connected to piping 14. The number of 
the gas conduit 1 1 is not limited to one. According to the type of reaction gas, the 
necessary number of gas conduits can be installed. One end of the gas conduit 1 1 
constitutes a gas inlet port 5 to cause reaction gas to flow in and other end is connected 
to the piping 14 at the junction 31. Reaction gas is brought in from gas exit port 7 to the 
inside of the showerhead 4 via the piping 14. A mass flow controller (not shown) and 
the valve 6 are set up in the middle of the reaction gas conduit 11. 

On the side wall of the reaction chamber 2, an outlet 20 is provided. The outlet 
20 is connected to a vacuum exhaust pump (not shown) through piping 17. Between the 
outlet 20 and the vacuum pump, a conductance-controlling valve 21 is provided to 
regulate pressure within the reaction chamber 2. The conductance-controlling valve 21 
is electrically connected to an external regulator 28. 

A pressure gauge 28a is preferably provided to measure pressure within the 
reaction chamber. The pressure gauge is electrically connected to the regulator 28. 
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Remote Plasma Discharge Chamber 

The remote plasma discharge chamber 13 of this embodiment, as noted, is 
positioned remotely from the reaction chamber 2. The remote plasma discharge 
chamber 13 is a radio-frequency electric discharge device that uses frequency in a radio 
frequency range from 300 kHz to 500 kHz. It is not desirable to use microwaves of 
around 2. 45 GHz for the frequency of the remote plasma discharge chamber as 
mentioned earlier, because it requires an electric discharge chamber that deteriorates 
easily. In addition, if a frequency range from 1 MHz to 27 MHz is used, an automatic 
matching transformer must be installed between the radio-frequency oscillator and the 
remote plasma discharge chamber to realize stable plasma discharge. Adding this 
automatic matching transformer increases cost. At the same time, this is not desirable 
because it requires installing a remote plasma discharge chamber and an automatic 
matching transformer near the reaction chamber and because it may make maintenance 
work difficult by increasing the size of the entire semiconductor-processing device or 
losing space between the components. A frequency range of 300 kHz to 500 kHz 
efficiently enables activation of the cleaning gas, allows a plasma discharge chamber 
made of materials that do not easily deteriorate and realizes a more compact device 
itself To realize a more stable plasma discharge, preferably the range is from 350 kHz 
to 450 kHz and more preferably it is 400 kHz to 430 kHz. 

The remote plasma discharge chamber 13 is preferably made of anodized 
aluminum alloy. In the illustrated embodiment, the remote plasma discharge chamber 
13 is linked to the showerhead 4 within the reaction chamber 2 through the piping 14. 
In the middle of the piping 14, a valve 15 is provided. The piping 14 is a straight-line 
structure. Its internal diameter is at least 1/2 inch, but preferably more than one inch. In 
addition, the valve 15 is characterized in that no structure to restrict the flow exists 
within the passage when it is open. The internal diameter of the open passage , is not 
much extremely smaller than the piping 14 and preferably is the same. Consequently, 
when cleaning gas flows from the remote plasma discharge chamber to the reaction 
chamber, no appreciable pressure loss arises in the piping 14 and at the valve 15. 
Desirably, the pressure drop is less than about 0.25 Torr (or less than about 5% of the 
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inlet pressure) across the valve 15, more preferably less than about 0.1 Torr (or less than 
about 1% of the inlet pressure). 

The piping 14 is made of aluminum or aluminum alloy, but corrosion-resistant 
stainless steel can also be used. One end of the piping 14 is connected to the remote 
5 plasma discharge chamber 13 and other end constitutes a gas exit port 7 used to bring 

cleaning gas into the show^erhead 4. Further, a cleaning gas inlet port 12 is provided to 
bring cleaning gas into the remote plasma discharge chamber 13. After being controlled 
at the designated How by the mass flow controller (not shown), cleaning gas is brought 
into the cleaning gas inlet port 12. 
10 The piping 14 and the valve 15 are preferably heated by a heater (not shown) to 

a temperature that prevents reaction gas and cleaning gas from adsorbing of the surfaces 
thereof The temperature of the piping 14 and valve 15 can be selected according to the 
types of reaction gas and cleaning gas. Further, if needed, portions of the conduit 11, 
^-f the valve 6 and the gas inlet port 5 can also be heated by heaters (not shown) at a 

1 5 designated temperature. 

Through-Flow Type Valve 

In Figure 4, the cross-section of the valve 15 used in the present embodiments is 
shown. Figure 4(a) shows a closed state of the valve 15 while Figure 4(b) shows an 
open state of the valve 15. The valve 15 comprises a body 24 made of aluminum or 
20 ^ aluminum alloy. A valve body 30 is fixed to a shaft 32 by a bolt*^. On the valve body 
30, an 0-ring 34, which attains airtightness by sealing the inside 35 of the body 24, is 
mounted. At an upstream opening 22 of the valve 15, portions of the piping 14 (Figure 
3) to be connected to the remote plasma discharge chamber can be mounted. At a 
downstream opening 23, portions the piping 14 to be connected to the gas exit port 7 
25 can be mounted. The mounting direction at the openings 23 and 22 is not limited and 

can be changed according to circumstances. Material used for the body 24 of the valve 
15 is not limited to aluminum or aluminum alloy. Other materials that have excellent 
resistance to corrosion, such as stainless steel, can also be used. The valve body 30 is 
made of aluminum or aluminum alloy, but metals excellent in corrosion resistance such 
30 as nickel, titanium, stainless steel or resins excellent in corrosion resistance such as 

polyimide resin can be used. Additionally, the bolt 33 and the shaft 32 are made of 
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metals that have excellent resistance to corrosion, such as aluminum, aluminum alloy, 
nickel and stainless steel. The 0-ring 34 comprises an elastic material that is resistant to 
deterioration by the flowing gas to be used. The 0-ring 34 preferably comprises 
fluorine-containing rubber, and more preferably a perfluoroelastomer. 

Regarding the valve 15 used in this embodiment, in its closed state, the valve 
body 30 is at the position shown in Figure 4(a). The 0-ring 34 mounted on the valve 
body 30 seals the inside 35 of the body 24. As shown in Figure 4(b), when the valve 15 
is open, the valve body 30 is pulled up into the space 36 within the body 24 of the valve 
15 and is stored. The vertical motion of the valve body 30 is performed by moving the 
shaft 32 by a driving mechanism (not shown) of the valve 15. Importantly, as shown in 
Figure 4(b), when the valve 15 is open, the valve body 30 and the shaft 32 are stored 
entirely within the space 36 and are completely removed from the passage defined 
between the opening 23 and the opening 22. Thus, when the valve body 30 is in the 
position of Figure 4(a), there is no structure hindering cleaning gas flowing through the 
valve 15. 

Referring again to Figure 3, for cleaning gas flowing in from the cleaning gas 
inlet port 12, fluorine-containing gases such as nitrogen fluoride, carbon fluoride and 
chlorine fluoride, mixed gas of nitrogen or carbon fluoride or mixed gases of those 


gases with oxygen or inactive gas can be used. Specifically, mixed gases of NF3, CIEV 
CF4, C2F6, C3F8 with oxygen, mixed gas of NF3 with nitrogen, mixed gas of NF3 with 
dilute gas can be used. For dilute gas, helium, argon, neon, xenon, or krypton can be 
used. 

Plasma CVD operation 

Referring still to Figure 3, operation of the plasma CVD device according to this 
embodiment is explained. As described above, operation is roughly divided into two 
sequences: (1) thin film formation on the semiconductor wafer 9, and (2) cleaning the 
inside of the reaction chamber. The thin film formation sequence is explained by 
reference to forming silicon oxide onto the semiconductor wafer 9 as an example. 

First, the inside of the reaction chamber 2 is evacuated and exhausted by an 
external vacuum pump (not shown) through the outlet 20. Pressure within the reaction 
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chamber can be regulated in a range from 1 Torr to 8 Torr by the angle of opening of the 
conductance-controlling valve 21. 

Next, the support 3 heated by the heating element 26 controls the semiconductor 
wafer 9 at a designated temperature, preferably 300°C-420°C (572°F-788°F) using the 
temperature controller (not shown). 

Subsequently, reaction gases, SiH4, NH3 and N2, the flow of which is controlled 
by the mass flow controller (not shown), flow in from the reaction gas inlet port 5 and 
are brought into the showerhead 4 through the gas exit port 7 after passing through the 
valve 6. In this case, an influx of SiH4, NH3 and N2 gases into the remote plasma 
discharge chamber 13 is prevented by closing the valve 15. The reaction gases are 
injected uniformly from the fine holes formed at the lower side of the showerhead 4 
onto the semiconductor wafer 9. 

Radio-frequency power of 13.56 MHz or mixed power of 13.56 MHz and 430 
kHz is applied to the showerhead 4 by the radio-frequency oscillator 8. As a result, a 
plasma reaction domain is formed in the space between the showerhead 4, which 
constitutes one electrode, and the support 3, which constitutes another electrode. 
Molecules of the reaction gas within that domain are activated by plasma energy and 
siUcon nitride is formed on the semiconductor substrate 9. 

Upon termination of thin film formation processing, the valve 6 is closed and at 
the same time the valve 18 is opened. The processed semiconductor wafer 9 is carried 
out to an adjoining transfer chamber (not shown) by an automatic transfer robot (not 
shown) through the opening 19. After the reaction chamber 2 is evacuated and 
exhausted, an unprocessed semiconductor wafer is carried in from the transfer chamber, 
the gate valve 18 is closed, and the above sequence is repeated. 

While the thin film formation sequence is continuously preformed, undesirable 
products adhere to the inner wall of the reaction chamber 2 and the surface and sides of 
the support. Undesirable products gradually accumulate, slough, and float within the 
reaction chamber to cause particle contamination. Consequently, it is necessary to clean 
the inside of the reaction chamber 2 regularly (for example, every after thin film 
formation sequence between wafer unloading and loading the next wafer). In the 
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following, a cleaning sequence to remove silicon nitnde adhering to the inner wall of 
the reaction chamber 2 is explained. 
Cleaning Operation 

Mixed gas of NF3 and argon that is used as cleaning gas is controlled at the 
5 designated flow, flows into the cleaning gas inlet port 12 and is brought into the remote 

plasma discharge chamber 13. Preferred flow rates for the fluorine-containing gas are 
between about 0.5 slm and 1.5 slm; preferred flow rates for the carrier gas are about 0.5 
slm and 4 slm. Desirably, the inert carrier gas is about 2 to 3 times the flow of the 
fluorine-containing gas. Inside of the remote plasma discharge chamber 13, radio 
10 frequency (RF) output from 300 kHz to 500 kHz is applied to cleaning gas with 

electricity from 1,000 W to 5,000 W. The value of radio frequency output is set so that 
unnecessary products adhering to the inside of the reaction chamber 2 are removed at an 
acceptable rate. To realize long-term quality maintenance of the remote plasma 
discharge chamber and to achieve high efficiency in generating fluorine active species, a 
15 preferable range for radio frequency output range is from 1,500 W to 3,000 W and a 

IJ more preferred range is from 2,000 W to 3,000 W. With this energy, cleaning gas is 

dissociated and activated at a certain efficiency to generate fluorine active species. 

Generated fluorine active species is brought into the showerhead 4 through the 
=^ piping 14 and the valve 15. Fluorine active species that is jetted out uniformly into the 

□ 20 inside of the reaction chamber 2 from the showerhead 4 causes chemical reaction with 

solid silicon nitride adhering to the inner wall and other surfaces of the reaction 
chamber and changes the solid adhesive substance to a gaseous substance. As a result, 
the number of gas molecules within the reaction chamber increases, but pressure within 
the reaction chamber is maintained at a specific value by a controller 28 that controls the 
25 opening angle of the conductance controlling valve 21 in real-time in response to 

pressure values within the reaction chamber measured by the pressure gauge 28a. 

The piping 14 and the valve 15 are preferably heated at a temperature from 
100°C to 200°C (from 212°F to 392°F), facilitating rapid purging of the gas flowing 
inside. When NH3 gas is used to form silicon nitride on the semiconductor wafer 9 and 
30 cleaning gas containing fluorine active species is used to clean the reaction chamber 2, 

solid ammonium fluoride is generated if NH3 and fluorine active species are mixed, and 
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the inside ofthe piping 14 is contaminated. To remove each gas quickly from the inside 
of the piping 14, the piping 14 and the valve 15 are more preferably heated at least at 
120°C (248°F). When TEOS, [Si(OC2H5)4] is used as reaction gas, heating the piping 
14 and the valve 15 to at least 120°C (248°F) also prevents liquifying TEOS as it flows. 
5 The temperature of the valve 1 5 and the piping 14 is determined according to the type of 

reaction gas to flow into the reaction chamber 2, but restricted by the heat-resistance 
temperature of the valve 15. In the illustrated embodiment, the upper limit of the 
temperature is about 200°C (392°F). 

In one experiment, when 1 slm of NF3 and 2 slm of Ar were used for the 
10 cleaning gas, with the pressure within the reaction chamber set between 1 Torr and 1.5 

Torr. Fluorine active species were generated by applying 400 kHz radio frequency 
power about 2,700 W to the inside of the remote plasma discharge chamber, undesirable 
silicon nitride adhering to the inner wall of the reaction chamber 2 was removed at 
greater than 2.0 microns/minute, more particularly at about 2.5 microns/minute. 
15 In another experiment, when 0.75 slm of NF3 and 1.5 slm of Ar were used, with 

the pressure of the reaction chamber set at about 1 Torr, generating fluorine active 
species by applying 2,400 W of 400 kHz radio frequency power to the inside of the 
remote plasma discharge chamber resulted in removal of undesirable silicon nitride 
from inner walls of the reaction chamber 2 at a rate of about 2.0 micron/minute. 
20 In another experiment, in order to remove undesirable silicon oxide, formed 

from TEOS as raw material, adhered inside the reaction chamber 2, 1 slm of NF3 and 3 
slm of argon were used for the cleaning gas. Fluorine active species were generated by 
applying 2,800 W of 400 kHz radio frequency electric power to the remote plasma 
discharge chamber 13. The products of this plasma, including activated fluorine 
25 species, were introduced to reaction chamber 2 from the remote plasma chamber 13. 

The silicon oxide was removed at a rate of about 1.5 |ini/min. 

The above concludes the explanation of the cleaning sequence. 
EMBODIMENT 4 
Main Structures 

30 With reference now to Figure 5, a chemical vapor deposition (CVD) device 110 

is illustrated in accordance with a fourth embodiment of the invention. Unlike the 
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previously described embodiments, the illustrated CVlTreactor 1 10 includes a cold-wall 
reaction chamber 112. In the illustrated embodiment, the deposition or reaction chamber 
112 comprises quartz, which is transparent to certain wavelengths of radiant energy, 
which will be understood in view of the description of the heating system described 
below. 

While originally designed to optimize epitaxial deposition of sihcon on a single 
substrate at a time, the superior processing control has been found to have utility in 
thermal and/or remote plasma CVD of a number of different materials. The basic 
configuration of the device 110 is available commercially under the trade name Epsilon® 
from ASM America, Inc. of Phoenix, AZ. 

A plurality of radiant heat sources is supported outside the chamber 1 12 to provide 
heat energy in the chamber 1 12 without appreciable absorption by the quartz chamber 112 
walls. While the preferred embodiments are described in the context of a "cold wall" 
CVD reactor for processing semiconductor wafers, it will be understood that the 
processing methods described herein will have utility in conjunction with other 
heating/cooling systems, such as those employing inductive or resistive heating. 

The illustrated radiant heat sources comprise an upper heating assembly of 
elongated tube-type radiant heating elements 113. The upper heating elements 113 are 
preferably disposed in spaced-apart parallel relationship and also substantially parallel 
with the reactant gas flow path through the underlying reaction chamber 112. A lower 
heating assembly comprises similar elongated tube-type radiant heating elements 114 
below the reaction chamber 112, preferably oriented transverse to the upper heating 
elements 113. Desirably, a portion of the radiant heat is diffusely reflected into the 
chamber 112 by rough specular reflector plates (not shown) above and below the upper 
and lower lamps 113, 114, respectively. Additionally, a pluraHty of spot lamps 115 
supply concentrated heat to the underside of the substrate support structure (described 
below), to counteract a heat sink effect created by cold support structures extending 
through the bottom of the reaction chamber 112. 

Each of the elongated tube type heating elements 113, 114 is preferably a high 
intensity tungsten filament lamp having a transparent quartz envelope containing a 
halogen gas, such as iodine. Such lamps produce fiill-spectrum radiant heat energy 
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transmitted through the walls of the reaction chamber 112 without appreciable absorption. 
As is known in the art of semiconductor processing equipment, the power of the various 
lamps 113, 114, 115 can be controlled independently or in grouped zones in response to 
temperature sensors. 

5 A substrate, preferably comprising a silicon wafer 116, is shown supported within 

the reaction chamber 112 upon a substrate support structure 118. Note that, while the 
substrate of the illustrated embodiment is a single-crystal silicon wafer, it will be 
understood that the term "substrate" broadly refers to any workpiece on which a layer is to 
be deposited. Moreover, cleaning and prevention of contamination is often required in 

10 depositing layers on other substrates, including, without limitation, the deposition of 

optical thin films on glass or other substrates. 

The illustrated support structure 118 includes a substrate holder 20, upon which 
the wafer 116 rests, and a support spider 122. The spider 122 is mounted to a shaft 124, 
which extends dovrawardly through a tube 126 depending from the chamber lower wall. 

15 Preferably, the tube 126 communicates with a source of purge or sweep gas which can 

flow during processing, inhibiting process gases from escaping to the lower section of the 
chamber 112. 

A plurality of temperature sensors are positioned in proximity to the wafer 116. 
The temperature sensors may take any of a variety of forms, such as optical pyrometers or 

20 thermocouples. The number and positions of the temperature sensors are selected to 

promote temperature uniformity, as will be understood in light of the description below of 
the preferred temperature controller. Preferably, however, the temperature sensors directly 
or indirectly sense the temperature of positions in proximity to the wafer. 

In the illustrated embodiment, the temperature sensors comprise thermocouples, 

25 including a first or central thermocouple 128, suspended below the wafer holder 120 in 

any suitable fashion. The illustrated central thermocouple 128 passes through the spider 
122 in proximity to the wafer holder 120. The device 1 10 fiirther includes a plurality of 
secondary or peripheral thermocouples, also in proximity to the wafer 116, including a 
leading edge or front thermocouple 129, a trailing edge or rear thermocouple 130, and a 

30 side thermocouple (not shown). Each of the peripheral thermocouples is housed within a 

slip ring 132, which surrounds the substrate holder 120 and the wafer 116. Each of the 
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central and penpheral thermocouples are connected to a temperature controller, which sets 
the power of the various heating elements 113, 114, 115 in response to the readings of the 
thermocouples. 

In addition to housing the peripheral thermocouples, the slip ring 1 32 absorbs and 
emits radiant heat during high temperature processing, such that it compensates for a 
tendency toward greater heat loss or absorption at wafer edges, a phenomenon which is 
known to occur due to a greater ratio of surface area to volume in regions near such edges. 
By minimizing edge losses, the slip ring 132 can reduce the risk of radial temperature non- 
uniformities across the wafer 116. The slip ring 132 can be suspended by any suitable 
means. For example, the illustrated slip ring 132 rests upon elbows 134, which depend 
from a front chamber divider 36, and a rear chamber divider 38. The dividers 36, 38 
desirably are formed of quartz. In some arrangements, the rear divider 138 can be 
omitted. 

The illustrated reaction chamber 1 12 includes an inlet port 140 for the injection of 
reactant and carrier gases for deposition by CVD, and the wafer 116 can also be received 
therethrough. An outlet port 142 is on the opposite side of the chamber 112, with the 
wafer support structure 118 positioned between the inlet 140 and outlet 142. 

An inlet component 150 is fitted to the reaction chamber 112, adapted to 
surround the inlet port 140, and includes a horizontally elongated slot 152 through 
which the wafer 116 can be inserted. A generally vertical inlet 154 receives gases from 
remote sources and communicates such gases with the slot 152 and the inlet port 140. 
The inlet 154 can include gas injectors as described in U.S. Patent No. 5,221,556, issued 
Hawkins et al., or as described with respect to Figures 21-26 in U.S. Patent Application 
No. 08/637,616, filed April 25, 1996, the disclosures of which are hereby incorporated 
by reference. Such injectors are designed to maximize uniformity of gas flow for the 
single-wafer reactor. 

An outlet component 156 similarly mounts to the process chamber 112 such that 
an exhaust opening 158 aUgns with the outlet port 142 and leads to exhaust conduits 159. 
The conduits 159, in turn, can communicate with suitable vacuum means (not shown) for 
drawing process gases through the chamber 112. In the preferred embodiment, process 
gases are drawn through the reaction chamber 112 and a downstream scrubber (not 


-27- 


shown). A pump or fan is preferably included to aid in drawing process gases through the 
chamber 112, and to evacuate the chamber for low pressure processing. 

Wafers are preferably passed from a handling chamber (not shown), which is 
isolated from the surrounding environment, through the slot 152 by a pick-up device. The 
5 handling chamber and the processing chamber 112 are preferably separated by a gate 

valve (not shown) of the type disclosed in U.S. Patent No. 4,828,224, the disclosure of 
which is hereby incorporated herein by reference. 
Remote Plasma Discharge Chamber 

The preferred device 110 also includes a source of excited species positioned 
10 upstream from the chamber 112. The excited species source of the illustrated 

embodiment comprises a power generator connected to a remote plasma discharge 
chamber 13. The remote plasma discharge chamber 13 is connected to the deposition 
,2 chamber 1 12 by way of piping 14 having a valve 15 thereon. One end of the piping 14 

constitutes a cleaning gas inlet port 12 to cause cleaning gas to flow into the remote 
; P 15 plasma discharge chamber 13. The other end of the piping 14 constitutes a cleaning gas 

ill exit port 16 to bring cleaning gas into the horizontal flow path defined between the inlet 

140 and outlet 142 of the reaction chamber 112. 
^3 The inlet end 12 of the piping 14 is shown connected to multiple gas sources. In 

M particular, a source of cleaning gas 163 is coupled to the inlet end 12 of the piping for 

1^ 20 introduction of cleaning gas into the remote plasma discharge chamber 13. A source of 

carrier gas 164 is also preferably coupled to the gas line 12. As is known in the art, the 
gas sources 163, 164 can comprise gas tanks, bubblers, etc., depending upon the form 
and volatility of the reactant species. Each gas line can be provided with a separate 
mass flow controller (MFC) and valves, as shown, to allow selection of relative 
25 amounts of carrier and reactant species introduced to the remote plasma discharge 

chamber and thence into the reaction chamber 112. 

One or more fiirther branch lines 165 (one shown) can also be provided for 
additional reactants. Advantageously, source gases connected to the branch line(s) can 
be connected to sources useful for plasma assisting deposition within the chamber. 
30 Thus, the remote plasma discharge chamber 13 can be used not only for cleaning, but 
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also for providing activated reactants for plasma CVD. Alternatively, a separate remote 
plasma source can be provided for deposition reactants. 

The chamber 13, piping 14 and valve 15 can be as described above with respect 
to any of the embodiments of Figures 1-4. As noted above, the valve 15 can be 
5 optionally omitted, and replaced with a flow of carrier or inert gas through the remote 

plasma discharge chamber 13 (without applying dissociating energy) during the 
deposition phase of the process. 
CVD Operation 

The device 110 of Figure 5 can be used for depositing films of various 
10 compositions by CVD, including epitaxial silicon, polysilicon, silicon oxide and silicon 

nitride. Advantageously, the remote plasma discharge chamber 13 can provide 
activated reactants for assisting reactions in CVD, thus lowering thermal needs for this 
deposition. 

In an exemplary silicon nitride deposition, about 1.5 slm ammonia (NH3) and 15 
=P 15 seem silane (SiHJ are introduced. Nitrogen continues to flow at the same flow rate, and 

ij temperature and pressure are maintained at about 780°C and 50 Torr. Ammonia and 

silane flow are continued for about 90 seconds, reacting at the substrate surface to 
deposit 430 a layer of siUcon nitride with a thickness of about 3 nm. As noted, one or 
more of the reactants can be activated through the remote plasma discharge chamber 13, 
20 thus lowering the temperature for the same deposition rate. In this case, the reaction 

chamber pressure is preferably reduced to facilitate plasma ignition within the remote 
plasma discharge chamber. 

In an exemplary polysilicon deposition, a carrier flow of N2 gas is maintained at 
about 15 slm while about 350 seem silane is introduced. Employing disilane can 
25 advantageously improve deposition rates. Pressure continues to be maintained at about 50 

Torr, and the temperature held steady at about 680°C. Within about 120 seconds, a 
polysilicon electrode layer of about 150 nm is deposited 637. It will be understood that 
the polysilicon formed by this method would be doped for appropriate conductivity after 
deposition 637, though in situ doping (during deposition) is also contemplated. For in situ 
30 doping, common doping sources such as phosphine, arsine or diborane can be added to the 

silane flow. In another arrangement, the chamber can be backfilled to about atmospheric 
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pressure for an H2/SiH4 polysilicon process. As noted, one or more of the reactants can be 
activated through the remote plasma discharge chamber 13, thus lowering the temperature 
for the same deposition rate. In this case, the reaction chamber pressure is preferably 
reduced to facilitate plasma ignition within the remote plasma discharge chamber. 
5 In still other arrangements, the polysilicon layer is in situ doped with germanium 

in order to lower the electrical workfunction at the gate/dielectric interface. For example, 
a germane (1.5% in H2) flow of about 100 seem to 1,000 seem can be added to the silane 
flow. In this case, the temperature of the deposition is preferably maintained between 
about 550°C and 650°C, more preferably at about 600°C ± 15°C. A germanium content 
10 in the resulting poly-SiGe layer is about 10% to 60%. As noted, one or more of the 

reactants can be activated through the remote plasma discharge chamber 13, thus lowering 
the temperature for the same deposition rate. In this case, the reaction chamber pressure is 
,0 preferably reduced to facilitate plasma ignition within the remote plasma discharge 

jji chamber. 

15 Chamber Cleaning Operation 

ill Depending upon the material to be cleaned, and materials within the chamber, 

- fluorine active species can be provided through the remote plasma discharge chamber 13, 

'{^ as described with respect to the previous embodiments. For certain depositions, the 

i™J skilled artisan will appreciate that chlorine active species and/or other active species may 

□ 20 more efficiently clean the deposited material without excessive damage to the quartz 

chamber 112 walls. Suitable cleaning gases following silicon deposition, for example, 
include HCl or NF3/CI2 provided through the remote plasma discharge chamber 13. 
Cleaning gases following silicon oxide or silicon nitride deposition can be as described 
with respect to the previous embodiments, and preferably include fluorine containing 
25 gases.. 

A process using both of the species NF3 and CI2 at a temperature in the range of 
20°C to 800°C, and preferably 500°C to 800°C, and at a pressure compatible with the 
remote plasma generator working range (typically 0.5 to 5 Torr for this process) can be 
performed in order to remove deposited layers formed of silicon, siUcon nitride, silicon 
30 oxynitride and/or silicon dioxide. NF3 and CI2 are dissociated when flowing through the 

remote plasma discharge chamber 13 by applying between about 1,000 W and 5,000 W 
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of radio frequency energy, preferably between about 2,000 W and 3,000 W of 300 kHz 
to 500 kHz energy. Typically, NF3, CI2 and flow through the remote plasnaa 
discharge chamber 13. The N2 flow helps increasing the etch rate and increase the 
overall gas velocity. The NF3:Cl2 flow ratio and the temperature can be adjusted in 
order to increase the selectivity of the silicon nitride etch versus silicon dioxide, 
eventually to infinite, such that the silicon dioxide is untouched by the etch. Further 
details are provided in Suto et al, "Highly selective etching of Si3N4 to SiOj employing 
fluorine and chlorine atoms generated by microwave discharge", J. Electrochemical 
Society, Vol. 136, No 7, July 1989, p. 2032-2034; and Staffa et al, "Selective remote 
plasma etching of Si3N4 over Si02 at elevated temperature", Electrochemical 
Society Proceedings, Vol. 95-5, p. 283-289, the disclosures of which are incorporated 
herein by reference. High etch rates of silicon, sihcon oxide and Si3N4 can be achieved. 

It will be understood by those of skill in the art that numerous and various 
modifications can be made without departing from the spirit of the present invention. 
Therefore, it should be clearly understood that the forms of the present invention are 
illustrative only and are not intended to limit the scope of the present invention. 
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